Recently, involvement of the sympathetic nervous system in bone metabolism has attracted attention. β2-Adrenergic receptor (β2-AR) is presented on osteoblastic and osteoclastic cells. We previously demonstrated that β-AR blockers at low dose improve osteoporosis with hyperactivity of the sympathetic nervous system via β2-AR blocking, while they may have a somewhat inhibitory effect on osteoblastic activity at high doses. In this study, the effects of butoxamine (BUT), a specific β2-AR antagonist, on tooth movement were examined in spontaneously hypertensive rats (SHR) showing osteoporosis with hyperactivity of the sympathetic nervous system. We administered BUT (1 mg/kg) orally, and closed-coil springs were inserted into the upper-left first molar. After sacrifice, we calculated the amount of tooth movement and analyzed the trabecular microarchitecture and histomorphometry. The distance in the SHR control was greater than that in the Wistar-Kyoto rat group, but no significant difference was found in the SHR treated with BUT compared with the Wistar-Kyoto rat control. Analysis of bone volume per tissue volume, trabecular number, and osteoclast surface per bone surface in the alveolar bone showed clear bone loss by an increase of bone resorption in SHR. In addition, BUT treatment resulted in a recovery of alveolar bone loss. Furthermore, TH-immunoreactive nerves in the periodontal ligament were increased by tooth movement, and BUT administration decreased TH-immunoreactive nerves. These results suggest that BUT prevents alveolar bone loss and orthodontic tooth movement via β2-AR blocking.
p revious studies have shown that the sympathetic nervous system is involved in bone metabolism (Togari et al., 2005; Bonnet et al., 2008a; Bonnet et al., 2008b; Togari and Arai, 2008) . Because immunohistochemical studies have also shown that mammalian bones are widely innervated by sympathetic nerves (Bjurholm, 1991; Hill and Elde, 1991) , the possibility of sympathetic nervous regulation of bone metabolism has been demonstrated. In addition, the size, shape, microarchitecture, and mineral content of bone are affected by bone modeling, and this remodeling is changed by mechanical stress (Seeman, 2002) . It is considered that alveolar bone is governed by the sympathetic nervous system and affected by mechanical stress associated with tooth movement.
Spontaneously hypertensive rats (SHR) are characterized by increased blood pressure, heart rate, plasma catecholamine levels, and dopamine β-hydroxylase and adrenal tyrosine hydroxylase (TH) levels, which are markers of sympathetic nervous activity (Nagatsu et al., 1974; Zhang and Thorén, 1998; Klemola et al., 1999) . In comparison with Wistar-Kyoto rats (WKY), considered normotensive genetic controls, SHR have an overactive sympathetic nervous system. SHR also show decreased cortical and cancellous bone mass and increased bone turnover (Izawa et al., 1985; Wang et al., 1993) . In addition, we recently demonstrated that SHR exhibited bone loss and increased fragility in cancellous bone associated with decreased bone formation and increased bone resorption (Sato et al., 2010) .
Epidemiologic studies have demonstrated that high blood pressure is associated with increased bone loss at the femoral neck and low bone mineral density and that β-blockers are potential candidates of therapeutic drugs for osteoporosis and fracture healing (Pasco et al., 2004; Schlienger et al., 2004; Bonnet et al., 2007; Graham et al., 2008) . In an animal study, lower doses of propranolol, a nonselective β-blocker, increased bone mass without affecting blood pressure (Bonnet et al., 2008a; Sato et al., 2010) . In addition, butoxamine (BUT)-a specific β2-AR antagonist not approved by the U.S. Food and Drug Administrationprevented bone loss and biomechanical fragility (Arai et al., 2013) . These in vivo studies clearly indicate that β-blocker at low doses influences the remodeling of bone and can be effective against osteoporosis.
However, the effect of β-blocker on tooth movement that occurs because of the acceleration of bone remodeling is still unclear. Kondo et al. (2013) reported that propranolol, a nonselective β-blocker, decreased initial tooth movement without influencing bone mass. In a study using genetically engineered mice, β1-adrenergic signaling was suggested to promote bone selective β2-adrenergic Antagonist butoxamine reduces Orthodontic tooth Movement formation indirectly (Pierroz et al., 2012) . One possible reason propranolol did not influence bone mass in the study of Kondo et al. (2013) , in addition to the fact that long-term bone mass was not observed, could be that the bone formation-depressing effect exerted by β1-AR blocking of propranolol may have been indirect, an effect that could also have been involved in tooth movement. Therefore, we removed the indirect β1-AR effect by examining the effect of BUT, a specific β2-AR antagonist, in SHR and found that this showed hyperactivity of the sympathetic nervous system.
MAtErIAls & MEthODs

Animals and reagents
We purchased eight-week-old male SHR/Izm: a genetic model of essential hypertension with elevated blood pressure, increased heart rate, raised plasma catecholamine level and dopamine β-hydroxylase activity, and adrenal TH and dopamine β-hydroxylase activities. In addition, we purchased WKY/Izm, a normotensive genetic control of SHR, from Japan SLC Inc. (Hamamatsu, Japan). Rats were housed in cages (3 rats/cage) under automatically controlled conditions of temperature (23°C ± 1°C), humidity (50% ± 10%), and a 12:12-hour light-dark cycle. They were given tap water and standard laboratory chow ad libitum. All procedures complied with the guidelines for animal experiments at the School of Dentistry, Aichi-Gakuin University. BUT hydrochloride-α-(1-[t-butylamino]ethyl)-2,5-dimethoxybenzyl alcohol-was purchased from Sigma (St. Louis, MO, USA).
Groups of SHR and WKY (6 rats/group) were administered BUT at a dose of 1 mg/kg (per os) with a gastric tube once daily for 6 wk. SHR and WKY control were administered saline (1 mL/kg) in the same way. Each rat received a calcein injection (15 mg/kg, intraperitoneal) at 10 and 3 days before sacrifice. All rats were sacrificed by drawing whole blood from the abdominal aorta via a heparinized syringe under ether anesthesia.
Experimental tooth Movement
Two weeks after the initiation of administration, the rats were anesthetized with diethylether during the setting and adjustment of an orthodontic appliance as detailed previously (Dunn et al., 2007) . A closed-coil nickel-titanium spring (Sentalloy, Tomy, Japan) providing a force of 50 g at 4-mm activation was connected between the maxillary first molar and maxillary central incisor teeth with 0.010-in. steel ligatures. After the ligatures were tied and cut, composite resin (Transbond; 3M Unitek, Japan) was placed over the wire to prevent slipping as well as pulpal irritation due to exposed dentin. According to the method of Dunn et al. (2007) , the amount of tooth movement was also measured. Before and after treatment, polyvinylsiloxane (FUSION 2, GC, Japan) impressions of the maxillary arches were taken. Following fabrication of precise stone models (NEW FUJIROCK, GC, Japan), the occlusal tooth surfaces were scanned (ES-10000G, Epson, Japan) adjacent to a 100-mm ruler and then magnified 100× with calibrated imaging software (Adobe Photoshop CS5, Adobe Systems, Inc., San Jose, CA, USA). Distance from the distobuccal groove of the maxillary first molar to the most distal surface of the maxillary third molar was measured before and after treatment with Adobe Photoshop's measuring tool. The amount of tooth movement was calculated as the difference between the 2 measurements.
histomorphometry Analysis
Half the alveolar bone sample was embedded in resin, a mixture of methyl methacrylate, monomer, benzoyl peroxide, nonylphenylpolyethyleneglycol acetate, and N,N-dimethyl-p-toluidine. Serial undecalcified 7-µm-thick sagittal sections were made. The bone formation rate per bone surface (BFR/BS; µm 3 /µm 2 /d) was calculated via the following formula: The mineral apposition rate was calculated as the mean distance between 2 labels of calcein divided by the labeling interval: (7 d) × (singlelabeled surface / 2BS + double-labeled surface / BS). In addition, half the alveolar bone sample was decalcified in 20% EDTA (pH 7.4) for 3 wk. The specimens were embedded in paraffin, sectioned longitudinally at a thickness of 4 µm and stained for tartrate-resistant acid phosphatase (TRAP). TRAP staining-positive multinucleated cells attached to bone were scored as osteoclasts. Measurements were made within a randomly selected area of 0.8 mm 2 (1.0 mm × 0.8 mm). Histomorphometry was conducted to quantify the osteoclast surface per bone surface (Oc.S/BS), as defined by Parfitt et al. (1987) . For immunohistochemistry, TH-immunoreactive nerve fibers were visualized by the avidin-biotin-horseradish peroxidase complex method. ImageJ software (National Institutes of Health) was used to quantify immunohistochemical data.
trabecular Microarchitecture
Alveolar bone was subjected to 3-dimensional micro-computed tomography (µCT) analysis via an R_mCT µCT scanner (Rigaku, Tokyo, Japan). TRI/3D-BON software (Ratoc, Tokyo, Japan) was used to analyze the cancellous parameters: alveolar bone volume / tissue volume (BV/TV) and trabecular number (Tb.N). BV/TV and Tb.N were defined in the region surrounded by 3 roots of the maxillary first molar, as detailed previously (Kondo et al., 2013) . The coronal extent of the root was demarcated by the adjacent alveolar crest.
plasma biochemical parameters
Blood samples obtained from the abdominal aorta were centrifuged. The concentration of osteocalcin and activity of TRAP 5b, the enzymatically active form of TRAP secreted from osteoclasts in the plasma, were tested via the rat osteocalcin EIA kit (Biomedical Technologies, Inc., MA, USA) and rat TRAP assay kit (SBA Sciences, Immunodiagnostic Systems Ltd., UK), respectively.
statistical Analysis
All data are presented as the means ± SEM, and statistical analysis was carried out by one-way analysis of variance (Tukey multiple comparison test). All statistical analyses were performed with GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA); p < .05 was considered to be significant.
rEsults body Weight
The initial body weights of the WKY and SHR were 221 ± 4.5 g and 214 ± 3.1 g, respectively. All rats gained weight in the same way during the experiment. The final body weights were as follows: WKY, 391 ± 9.2 g; SHR control, 380 ± 7.7 g; WKY treated with BUT at a dose of 1 mg/kg, 395 ± 8.7 g; SHR treated with BUT at a dose of 1 mg/kg, 383 ± 6.4 g. No significant difference in body weight was observed between WKY and SHR groups at the start of the experiment or among all groups treated with or without BUT at the end of the experiment.
tooth Movement
SHR control showed an increase in mesial movement of the first molar tooth compared with WKY control, and SHR treated with BUT showed a decrease (Fig. 1A, 1B) . In addition, WKY treated with BUT showed a decrease in mesial movement of the first molar tooth when compared with the WKY control (Fig.  1A, 1B ). There was no significant difference between WKY control and SHR treated with BUT (Fig. 1C) .
histomorphometry parameters of Alveolar bone
TH-immunoreactive nerves on the compression side were increased by tooth movement in WKY and SHR control ( Fig.  2A, 2B ). TH-positive area was larger in SHR control than in WKY control and decreased in SHR treated with BUT (Fig. 2B) . Furthermore, BUT inhibited an increase of TH-positive area caused by tooth movement (Fig. 2B) .
In the micrographs of TRAP-stained histologic sections on the compression side, red-stained osteoclasts were observed on the surface of alveolar bone (Fig. 2C) . Oc.S/BS was increased by tooth movement (Fig. 2D ). In addition, Oc.S/BS was higher in SHR control than in WKY control and decreased in SHR treated with BUT (Fig. 2D) .
The distance between the 2 labeling lines of calcein on the fluorescent micrographs on the tension side was clearly increased by tooth movement (Fig. 2E) . The value of BFR/BS was also increased by tooth movement (Fig. 2F) .
µct Analysis
In terms of tooth movement, bone mass measured by BV/TV of the alveolar bone was significantly decreased in SHR control in comparison with that in WKY control and increased in WKY and SHR treated with BUT in comparison with that in WKY and SHR control (Fig. 3B, 3C ). In addition, BUT inhibited decreases of BV/TV and Tb.N caused by the tooth movement (Fig. 3C, 3D ).
plasma biochemical parameters in shr
As shown in Figure 4 , the osteocalcin concentration was increased in SHR treated with BUT compared with that in SHR control (Fig. 4A) . In contrast, the plasma TRAP 5b level was increased in SHR control compared with that in WKY and decreased in SHR treated with BUT compared with that in SHR control (Fig. 4B) .
DIscussIOn
In the present study, we examined the β2-AR blocking effect of BUT on tooth movement and alveolar bone mass. Increased tooth movement caused by an accelerated sympathetic nervous system was decreased by BUT. Our analysis of the histomorphometry suggested that bone resorption and formation were both accelerated by tooth movement. In addition, osteoclast appearance in alveolar bone and TH-immunoreactive nerves in the periodontal ligament on the compression side were increased, and BUT administration decreased osteoclast appearance and TH-immunoreactive nerves. On the compression side, the increases of bone resorption and TH-immunoreactive nerves and their decrease by BUT suggest a relationship between sympathetic nerve and bone resorption. BUT was used here at 1 mg/ kg, but the results were similar at 10 mg/kg (data not shown). This supports the hypothesis that nerve fibers could act as mechanoreceptors in bone (Serre et al., 1999; Wada et al., 2001) . However, in this study, the tension side and the sympathetic relationships were not clarified. Orthodontic tooth movement causes alveolar bone loss (Ogaard, 1988; Bondemark, 1998; Janson et al., 2003) . In our results, a decrease of alveolar bone mass by tooth movement was found in SHR. In addition, no difference was found in the alveolar bone mass in WKY and SHR on the control side, but the decrease in bone mass was greater in SHR than that in WKY when we induced tooth movement. Kondo et al. (2013) reported that propranolol did not influence bone mass. However, in this study, BUT surprisingly prevented bone loss associated with tooth movement, in addition to decreasing the amount of movement. To explain these different results, we considered that we observed the effect of the β2-AR alone without the indirect effect of β1-AR (Appendix Figure) , as well as observing long-term bone mass. Plasma biochemical examination revealed increased osteocalcin and decreased TRAP 5b following BUT administration in SHR. However, although a tendency was found in WKY, this was not significant. No change in plasma TRAP 5b levels was observed in WKY and could explain why bone mass increased with BUT administration. We considered that the influence of BUT was easy to detect because sympathetic nervous activity is locally enhanced by tooth movement. These results show the possibility that BUT is useful as a drug to suppress the decrease of alveolar bone in orthodontic treatment. More than 50% of adults develop periodontal disease (Petersen et al., 2005) , and in patients receiving orthodontic treatment with periodontal disease, BUT may decrease or prevent alveolar bone loss. Among healthy orthodontic patients, those with a thin width of alveolar bone may experience resorption of the alveolar bone and gingival recession due to tooth movement. BUT can prevent alveolar bone loss so that orthodontic treatment may be performed more safely.
In addition, the finding of an increase in tooth movement of the SHR, which is a model of hypertension, deserves attention. Because > 25% of adults have hypertension (Kearney et al., 2005) , some patients who receive orthodontic treatment may be hypertensive. During orthodontic treatment of patients with hypertension, accelerated tooth movement and bone loss may occur. It has been suggested that tooth movement and bone loss due to orthodontic treatment in patients with hypertension can be controlled by use of BUT. We regard this as an important finding in orthodontic treatment.
However, the possibility that the α-adrenergic receptors affect bone mass was shown recently (Fonseca et al., 2011) . It will be necessary to examine the effects that α-blockers have on tooth movement and to examine which blocker is most beneficial. 
